ABSTRACT: Velocity differences drive all encounter processes. Therefore, knowledge of both prey and predator motility are essential in order to understand feeding behavior and predict food acquisition rates. Here, we describe and quantify the motility behavior of young and old naupliar stages of 6 copepods (Centropages typicus, Calanus helgolandicus, Temora longicornis, Acartia tonsa, Eurytemora affinis and Euterpina acutifrons). Behaviors of individual nauplii were divided into sequences of sinking, swimming and jumping events. Motility behavior is both stage-and species-specific in terms of appearance of tracks, speeds, durations and frequencies of events as well as time budgets. Motility mode often changes drastically during naupliar ontogeny. Crudely, nauplii can be divided into those moving with a jump-sink type of motility of various frequencies (1 min -1 to 3 s -1
INTRODUCTION
Encounter is the ultimate prerequisite for any predator-prey interaction. In turn, encounters are driven by velocity differences arising from motility of the predator, the prey or both. Most organisms act simultaneously as both predator and prey, and thus, face tradeoffs related to eating and growing on one hand and avoiding predation mortality on the other. Because survival requires fulfillment of both tasks, it is expected that motility strategies reflect adaptations to restricting encounters with predators, while enhancing encounter with food. Understanding feeding behavior and predicting food acquisition rates therefore requires description and quantification of motility patterns of both predator and prey. Here, we examine motility strategies in the light of food acquisition using copepod nauplii as model organisms. In our companion paper (Titelman & Kiørboe 2003 this issue), we consider the costs of the various motility patterns in terms of predation risk.
Nauplii, i.e. the first 6 developmental stages in the copepod life cycle, are numerically the most abundant multicellular zooplankters in marine systems. Yet, quantitative studies of naupliar behavior are rare (e.g. Buskey et al. 1993 , van Duren & Videler 1995 , Paffenhöfer et al. 1996 , and the mechanisms involved in their encounters with both predator and prey are poorly understood. Nauplii of many cyclopoid copepods remain virtually motionless while sinking slowly and relocate only occasionally with fast jumps (Gauld 1958 , Björnberg 1972 , Gerritsen 1978 , Paffenhöfer et al. 1996 , while calanoid nauplii exhibit a more diverse range of motility behaviors (Storch 1928 , Gauld 1958 , Björnberg 1972 , Buskey et al. 1993 , van Duren & Videler 1995 , Paffenhöfer et al. 1996 . The mode of motility, i.e. swimming, sinking and jumping, implies differences in velocity that, in combination with frequency and duration of these events, govern zooplankton food encounter rates (van Duren & Videler 1995) . Some plankters also create a feeding current that increases food encounter (Paffenhöfer & Lewis 1989) . Although different motility modes have different implications for the encounter with both food and predators, most studies have not resolved activity into different behaviors, but rather considered average velocities (Gerritsen 1978 , Landry & Fagerness 1988 , Buskey et al. 1993 , Buskey 1994 . Generally, data that can be used to understand how nauplii and other small zooplankters encounter food or predators are limited.
Here, the behavior of 6 species and various stages of copepod nauplii is described and quantified in detail from video observations made in 3 dimensions (3D). We show 3D motion tracks and discuss the observed motility patterns mainly in light of their implications for food encounter.
MATERIALS AND METHODS
Cultures. Continuous copepod cultures were established from 50 to 500 copepodids per species. Copepods were collected in Gullmarsfjorden, Sweden (Centropages typicus, Calanus spp.), Tvärminne, Finland (Eurytemora affinis) and in the Mediterranean waters of Spain (Euterpina acutifrons). Acartia tonsa came from our previously established laboratory culture (Støt-trup et al. 1986 ) as did Temora longicornis (Titelman 2001) . Copepods were kept in 1 to 200 l containers at room temperature and ambient light, and were fed a mixture of Rhodomonas baltica (equivalent spherical diameter, ESD ~7 µm), Thalassiossira weissflogii (ESD 14 µm) and Heterocapsa triquetera (ESD ~15 µm) ad libitum. For the free-spawning species, artificial cohorts of nauplii were obtained by collecting eggs from the cultures and allowing the eggs to hatch for 12 to 25 h, whereupon unhatched eggs were removed. For the egg-carrying species (E. acutifrons and E. affinis), artificial cohorts were obtained by isolating egg-bearing females and using all nauplii hatched within 24 h.
Video set-up and filming. Behavioral observations were made in a temperature controlled room (18°C) in 0.25 or 5 l aquaria. Two CCD cameras viewed the aquarium from right angles.The cameras were equipped with macro lenses (Nikkor AF Micro 105 mm) and were connected to a synchronizer, a mixer, a time-date generator (Panasonic WJ 180) and a VCR (Panasonic NV-FS200 HQ). Collimated light from 2 IR diodes provided the only light source.
Nauplii were gently washed on a 40 µm mesh to remove food particles and transferred to 0.2 µm filtered seawater. Naupliar concentrations during filming were 1 to 5 nauplii ml -1
, and the volume of the aquarium was chosen based on the number of available nauplii. The aquarium was covered by a lid and submerged in a larger aquarium in order to stabilize temperature and limit convection. Filming lasted for 2 to 8 h, and was repeated with additional aliquots of nauplii when necessary (i.e. when an insufficient number of encounters or when convection was evident). Although we often considered nauplii filmed in one aquarium only, we ensured that the behavior was representative of the species and stage group by qualitatively observing the general behavior of the same taxon in other aquaria and also in conjunction with experiments of detection abilities (Titelman & Kiørboe 2003) .
Between 5 and 40 swim tracks were considered for each stage and species group. Each track lasted for as long as the nauplii remained in the field of view of both cameras. Magnifications varied depending on size and concentration of nauplii, but were always sufficient to adequately resolve sinking speeds. Hence, duration of individual observations varied, and swim tracks ranged between 1 s and 3 min in duration. Samples were preserved in formalin for stage and size determination. (Table 1) .
Image analysis and characterization of motility. Selected video clips were captured (Moto DV, 25 frames s -1 ) as QuickTime TM movies, after which swim paths were automatically analyzed using LabTrack software (DiMedia, Kvistgård, Denmark). With this software, the x, z and the y, z planes are tracked independently of one another and subsequently combined into a 3D picture. The program allows setting of thresholds for size, minimum track length, minimum velocity and contrast, ensuring that only the target particles (i.e. nauplii) are tracked. The time step was 0.04 to 0.12 s, usually 0.04 s, depending on the motility of the nauplii. Output sequences of x, y, z coordinates were subsequently used to characterize the motility.
Time budgets, velocities and frequencies of sinking, swimming and jumping behavior were determined using a MatLab code, which divided each track into a series of sink and move events. Move events were subsequently divided into swim and jump events. Criteria and thresholds for defining types of events were adjusted depending on naupliar behavior and track resolution.
For jump speeds, the maximum speed within each event was calculated. For sink events, only start and stop coordinates were used to calculate the speed, and only sink events longer than 5 frames were considered. Swim speeds were calculated after smoothing the position data by computing a running average position of 2 consecutive frames, after which an average swim speed was obtained for each event. For each track, the average speeds of all events of the respective types were then calculated. Finally, mean speeds were computed by averaging over all individuals. We weighted each individual equally regardless of track length, assuming that behavior exhibited on stage was representative of the behavior outside the field of view.
Although it is possible that the same individual was filmed twice, it is unlikely at the naupliar abundances used, and we assume that at this low naupliar density naupliar tracks are independent of other nauplii within the container. That is, we assume that tracks are statistically independent of one another. Time budgets and sink/move frequencies were also determined manually for 9 to 10 tracks per group. The time step was always 0.04 s.
RESULTS

General observations
The various species and stages behaved strikingly differently, differing from one another in event frequencies, event durations, velocities, and overall trail patterns ( Fig. 1 Table  2 ). The total length of the bars represents 1 min. White bands are periods of sinking and gray to black bands of moving. The width of the band is proportional to the duration of the event, while the gray scale represents the speed of the event.
Speeds were converted to body lengths s -1 using sizes from Table 1 nauplii were grouped into those moving with a jumpsink motion (Type A) and those swimming more or less continuously with occasional jump and sink events (Type B) ( Table 3 ). All nauplii move in 3 dimensions regardless of their swimming mode or the continuity of their motility (Fig. 1) . Sinking speeds generally increased with size and scaled with length to a power of 1.4 (Fig. 2) . The exponent is less than the expected value of 2 had the nauplii been spherical and of identical density.
Species-and stage-specific observations
Centropages typicus
Both stage groups of Centropages typicus nauplii swim almost continuously at a slow pace (Table 2) using the first and second antennae and the mandibles to generate the strokes. In real time, the swimming looks smooth, but when analyzed frame by frame, short periods (up to 0.08 s) of recovery appeared. Such stops were considered parts of the swimming bouts in the time budget. Occasional longer periods of sinking and fast jumps interrupt the swimming (Fig. 1) . Although both stage groups used almost all their time swimming, larger nauplii shifted between moving and sinking at higher frequency than the smaller and thus, had substantially shorter event durations (Table 2 ). Small C. typicus exhibited the longest move events of all groups, approaching 1 min in mean duration (Fig. 1 ). Corresponding periods of sinking were also long. Velocities were twice as high for the older stage group both when swimming and jumping ( Table 2) . The motility results in almost perfectly symmetrical helical trails for the large nauplii, and slightly less regular ones for the small nauplii (Fig. 3) . One small nauplius exhibited a hop-sink type of behavior similar to that described below for small Temora longicornis. It was not included in the time budget.
Eurytemora affinis
Eurytemora affinis nauplii change behavior quite drastically between the NI-II and older stages (Figs. 1 & 4) . ) and L is body length (mm). Data from Tables 1 & 2 NI-II exhibits a jump-sink type of behavior, alternating between sinking and moving about once every 2 s, with the vast majority of time being spent sinking (Fig. 1) . Sinking events were on average 1 order of magnitude longer in duration than the moves (Table 2 ). The motility results in a sawtoothed translation pattern (Fig. 4) .
Centropages typicus Acartia tonsa Temora longicornis Calanus helgolandicus Euterpina acutifrons
Larger nauplii alternate between continuous fast swimming and periods of sinking at a frequency of Table 3 . General categorization of nauplii motility based on verbal, numerical, and graphical interpretations from the literature and this study. In references where there is a mismatch between verbal descriptions and numbers (e.g. 'gentle hop-like motion, 100% of the time' for Paracalanus, Paffenhöfer et al. 1996) , the behavior is categorized less stringently. Björnberg (1972) (Table 2) . Distinct jumps are present only occasionally. Swimming events are on average about half the duration of the sink events. Swim paths are irregularly shaped with occasional loops (Fig. 4) . Sink speeds could not be adequately determined because of convection in the aquaria, but were estimated using the regression in Fig. 2 (Table 2) .
Euterpina acutifrons
Motility of the 2 stage groups of Euterpina acutifrons is similar in most parameters and in overall appearance of the trails (Fig. 5, Table 2 ). Swimming bouts of both stage groups consist of cycles of fast movements up to 0.12 s in duration punctuated by recovery periods lasting up to 0.08 s. These brief stops were considered part of the swimming bout in the time budget. Swimming bouts are interrupted by longer sink events. Thus, E. acutifrons exhibits a behavior that is intermediate between jumpsink and continuous fast swimming, but was here classified as swimming. Smooth, irregular loops and long stretches or waves without rapid changes in direction categorize the swim tracks of both stage groups (Fig. 5) .
Temora longicornis
There is a distinct shift in behavior during the ontogeny of Temora longicornis. NI-II nauplii exhibits a clear jump-sink type of behavior, with sinking events interrupted by fast jumps several body lengths long every 10 s ( Table 2 ). The sawtooth tracks of T. longicornis NI-II clearly illustrate the jump-sink behavior (Fig. 6 ). Larger nauplii swam with an almost continuous, slow, smooth glide (Table 2) . Brief stops of up to 0.04 s were included in the swimming bouts in the time budget. The swim was interrupted by periods of sinking and by fast jumps, but the majority Table 2 ). The resulting tracks of the NV-VI group are smooth and distinctly different from the tracks of the NI-II (Fig. 6 ).
Calanus helgolandicus
Calanus helgolandicus changes behavior drastically during ontogeny. The NI-II moves in a characteristic jump-sink manner, where long fast jumps of very short durations interrupt long periods of sinking (Figs. 1 & 7, Table 2 ). Larger nauplii swam in a smoother, more continuous fashion (Figs. 1 & 7 , Table 2 ). Brief stops of up to 0.08 s interrupt the swimming, but were included in the swimming bouts for time budgets. Longer periods of sinking and occasional jumps intermit the swimming bouts, but the vast majority of time is spent swimming ( Table 2) . Motility of the larger C. helgolandicus nauplii results in swim trails of 2 types. The first consists of long stretches without rapid changes in direction and the second is a symmetric helix (Fig. 7) .
Acartia tonsa
Although both the small and the larger stages of Acartia tonsa move in a jumpsink fashion, spending most of the time motionless, frequencies, durations and velocities differ between the stage groups as do the resulting swim tracks (Figs. 1 & 8, Table 2 ). The fraction of time spent moving is twice as high for the older nauplii, as is the frequency at which the nauplii alternate between sinking and moving (Table 2) . While the sinking events are ca. 10-fold longer than the move events for the NI-II, they are only 2-fold longer for the (Table 2) . Jump speed doubles during naupliar ontogeny (Table 2 ). For the NI-II, the fast bursts usually result in a sawtooth random trail with occasional loops (Fig. 8) . For later stages, the hop-sink behavior resulted in 1 of 3 patterns. The first is similar to that of the NI-II and the second is an almost straight path, resulting from the nauplius making repeated but unidirectional jumps (track not shown). The third and most common trail is an almost perfectly symmetrical helix ( Fig. 8) with a loop frequency of 1.3 s -1
. The distance between subsequent loops is approximately 1 / 4 of the loop diameter.
DISCUSSION
Motility
Several qualitative descriptions of naupliar motility exist (e.g. Björnberg 1972 , Storch 1928 , Gauld 1958 ; however, it is difficult to characterize motility based solely on verbal descriptions (Table 4 , references therein) or 2D depictions of swim tracks (Bresciani 1960 , Björnberg 1972 , Gerritsen 1978 , Buskey et al. 1993 , Paffenhöfer et al. 1996 . Similarly, our impression of motility depends on the temporal and spatial resolution of observations and motion analyses. When comparing our observations with the quantitative data available (Table 4) , many movement speeds (e.g. Gerritsen 1978 , Buskey et al. 1993 ) are lower than those observed here (Table 2 ). This offset results from sinking events being included in most reported estimates of movement velocities. Also, observations made in 2D underestimate actual distances and velocities.
When the nauplii are observed in 3D and temporal resolution is increased, the behavior can be separated into different types of events, and a more nuanced depiction of the activity pattern emerges. Behaviors and visual impressions of the motility are as stage-and species-specific ( Fig. 1) as the morphologies. Brief stops of less than 1 s to several seconds occurred for all species and stages observed here (Fig. 1) . Even within individual swim events brief stops of < 0.08 s are common. With the spatio-temporal resolution used here to characterize motility patterns, even nauplii with apparently similar behaviors turn out different (Fig. 1, Table 3 ). None of the species or stages observed here spends all its time moving, contradicting the notion of Paffenhöfer et al. (1996) that most calanoid nauplii move all of the time. However, they discounted stops 'of a fraction of a second', which of course leads to inflated estimates of activities. In fact, a jump-sink type of behavior similar to that of many cyclopoid and poecilostomatoid nauplii (Gauld 1958 , Björnberg 1972 , Buskey et al. 1993 , Paffenhöfer et al. 1996 ) is common in NI-II of many calanoid species (Fig. 1) , as was also observed by Buskey et al. (1993) for NI of Paracalanus crassiostris.
While some copepod species exhibit a similar behavior throughout ontogeny (e.g. Oithona spp.) or from late naupliar stages to adults (e.g. Temora stylifera; Paffenhöfer 1998), other species change drastically (e.g. Cyclops scutifer, Gerritsen 1978) . One may expect significant behavioral changes to occur simultaneously with dramatic morphological changes, for example between NVI and CI, as is the case for Centropages velificatus (Paffenhöfer et al. 1996) or simultaneously with the shift between non-feeding and feeding stages. Clearly significant behavioral changes occur during naupliar development for many species (Fig. 1) . Björnberg (1986a,b) , Huys & Boxshall (1991) and Paffenhöfer (1998) argued for the use of motility pat- terns during ontogeny as a complement to morphology in phylogenetic studies. When considering the data resulting from this study in conjunction with that available in the literature for nauplii (Tables 3 & 4) and copepodids (reviewed in Mauchline 1998), there is, however, no obvious way of categorizing motility in a fashion that coincides with taxonomy as suggested by Paffenhöfer et al. (1996) . However, the motility pattern is almost as good a diagnostic character for species identification as are morphological characters.
Energetic costs of motility
The energetic cost of swimming in copepods moving at low Reynolds numbers is normally considered to be very low (e.g. Kiørboe et al. 1985) . However, the power requirement increases with the move velocity squared and may thus become significant for nauplii that jump with high velocities and at high frequencies, e.g. Acartia tonsa. The average power required for propulsion, P (J s ). Even if the efficiency of propulsion is only say 1%, metabolic requirements for swimming constitute <1% of the metabolism. Similarly low power requirements are estimated for all other groups with the exception of Acartia tonsa. In A. tonsa, the estimated power requirement to sustain the high jumping frequency constitutes 5 and 30% of the overall metabolism for small and large nauplii (again assuming 1% efficiency). Although this estimate is crude, it does suggest that jumping may be energetically expensive. One would thus expect that there is some advantage of jumping with a high frequency.
Implications of motility for food encounter
Because motility in copepods is tightly connected to feeding, it is worthwhile to examine the behavior of nauplii in this context. Essentially, we have observed 2 different motility patterns among nauplii, i.e. those that move in a jump-sink fashion (most young stages of calanoids, and all stages of cyclopoid and poecilostomatoid nauplii), and those that cruise through the water more or less continuously (most older stages of calanoid nauplii) (Table 3) . Among the jumping nauplii, some jump only rarely (e.g. 1 to 2 min -1 , most poiceilostomatids and cyclopoids), while others jump frequently (e.g. 3 s -1 , late Acartia tonsa). Because nauplii are most likely unable to collect food particles during rapid jumps, one would at first expect that a cruising strategy would allow the nauplii to scan a much larger volume of water for food particles than a jump-sink strategy and hence, yield higher clearance rates. The few clearance rates reported for nauplii in fact suggest a difference in clearance rates between the 2 motility types, although it is not dramatic (Fig. 9A) . Maximum growth rates of nauplii of the 2 categories appear to be similar (Heinle & Flemer 1975 , Klein Breteler et al. 1982 , Paffenhöfer 1993 , Sabatini & Kiørboe 1994 , Kiørboe & Sabatini 1995 . Hence, both motility types imply food clearance rates of similar magnitude.
Clearance rates may be modeled from motility behavior by deriving encounter rate kernels (= clearance rate if capture efficiency is 100%). For cruising nauplii, the encounter rate kernel is:
where R is the radius of the (assumed) spherical capture volume, τ is the fraction of time spent swimming, and ∆v is the velocity difference between the nauplius and the food. If we take 1 / 2 the length of the nauplii as a first estimate of R and consider only non-motile food, then we can estimate potential clearance rates for cruising nauplii using sizes, swimming speeds and time budgets as reported in Tables 1 & 2 (Fig. 10B) . Paracalanus quasimodo (Paffenhöfer 1998) Pseudocalanus elongatus ) Temora longicornis Calanus helgolandicus (Paffenhöfer 1971) Oncaea mediterranea (Paffenhöfer 1993) Acartia tonsa (Berggreen et al. 1988) b White symbols indicate jump-sink motility and black symbols indicate a more-or-less continuous swim. Data are from visual inspection of graphs or tables in the specified references. When several food concentrations were offered in the experiments, we used only data from the lowest prey concentration. Similarly, only stagespecific maximum clearance rates are used from those studies where a range of prey were offered. We assumed 15% ash and 45% carbon content in conversions to dry weight (Mauchline 1998) . (B) Estimated β cruise from Eq. (2) for nauplii with a more-or-less continuous swim.
We applied sizes from Table 1 , and behavioral data from Predicted clearance rates are similar to those actually measured (Fig. 9) . Feeding on motile prey will not change the predicted clearance rates much since naupliar swimming velocities are typically significantly higher than those of their prey. The swimming behavior of cruising nauplii can easily account for observed clearance rates. For nauplii with a jump-sink behavior, it is unlikely that food search occurs during the active jump. Rather, the jump relocates the nauplius to a new spot in which it can search for food. Assuming that all prey within the dining sphere are in fact encountered, the encounter rate kernel for such a pause-travel strategy is (Kiørboe 1997) : (3) where ƒ jump is the jump frequency (s -1 ). Estimated potential clearance rate increases linearly with jump frequency and becomes similar to observed clearance rates for frequent jumpers, such as late Acartia tonsa (Fig. 10 ). However, with increasing jump frequencies, the time spent at each spot declines and Eq. (3) therefore, presumably overestimates clearance rates for the frequent jumpers. For species that jump only occasionally, potential clearance rates according to Eq. (3) are much smaller than those reported. For example, Oncaea NV, which jumps only rarely (1 to 2 min -1 ), has a predicted potential clearance rate of ~0.01 ml d -1 (R~100 µm), more than 1 order of magnitude less that measured, 0.2 ml d -1 (Paffenhöfer 1993) . Thus, Eq. (3) appears inconsistent with observed clearance rates in jumping nauplii, particularly in the case of rare jumpers.
Nauplii may also encounter food as they sink. It is difficult to accurately estimate the clearance rate due to this mechanism. The nauplius pushes water and food away as it sinks. If we ignore this hydrodynamic effect, then the encounter rate kernel for sinking is similar to that for cruising:
However, if we instead model the sinking nauplius as a solid sphere that directly intercepts prey particles, then (Kiørboe & Titelman 1998) :
where a is the radius of the prey. The truth probably lies somewhere between that predicted by Eqs. (4a) & (4b). Prey encounter rates predicted by Eq. (4b) are orders of magnitude lower than those actually observed. Both Eqs. (3) and (4) significantly underestimate the clearance rate of jumping nauplii if the prey is motile. This is because such nauplii only move slowly during prey encounter and prey motility therefore becomes relatively more important than for cruising nauplii. We thus need to consider prey motility for pause-travel nauplii.
Most protists swim in a more or less random manner and their motility may be described as a random walk and quantified by a diffusion coefficient (D). For protists that swim in a run-tumble fashion, the diffusivity can be estimated as (Berg 1993) : (5) where t is the average duration of runs and v prey the swimming velocity. At steady state, the diffusion of prey towards the nauplius is quantified by the encounter rate kernel:
where (1 -τ) is the fraction of time spent pausing. However, because the nauplii relocate more or less frequently, steady state cannot generally be assumed and therefore, the encounter rate kernel becomes timedependent (Osborn 1996) :
The average encounter rate kernel during a time period T, equal to the average time interval between jumps is then:
and the encounter rate kernel for jumpers then becomes: where we utilize that τ = αƒ, where α is average duration of a jump event and T = (1 -αƒ ) ͞ƒ ≈ ƒ -1 for small α.
Eq. 6 has 2 implications. First, prey motility may account for the clearance rates observed in 'rare' jumpers, suggesting that they depend on motile food. , which is similar to that observed for O. mediterranea NV feeding on motile prey (Paffenhöfer 1993) . Prey cells with other diffusivities would be cleared at different rates (Fig. 10 ), but the example illustrates that prey motility governs the clearance rate. That these rare jumpers in fact depend on motile food agrees with observations. For example, jumping late nauplii of Centropages velificatus and O. mediterranea moving 8.5 and 1.9% of the time (Table 4) require motile prey to support growth (Paffenhöfer et al. 1996) . Similarly, cyclopoid and other poecilostomid nauplii, that are all rare jumpers, have been cultured more successfully on a variety of flagellates and dinoflagellates than on diatoms (Gerritsen 1978, Uchima 1979 , Uchima & Hirano 1986 , Ferrari & Ambler 1992 , Paffenhöfer 1993 , Sabatini & Kiørboe 1994 .
Diffusive transport of prey towards the predator occurs at a high rate immediately after the nauplius has jumped to a new spot and then declines asymptotically towards a steady state rate as the nauplius remains at that spot (Eq. 6b). Jumping nauplii may utilize the initially high, unsteady diffusion by jumping frequently. However, with increasing jump frequency, the nauplius spends an increasing fraction of its time in jumps, leaving a decreasing fraction of time for collecting food (the 1 -αƒ term in Eq. 6c declines). The second implication of Eq. (6) is, therefore, that there exists an optimal jump frequency where the potential clearance rate due to diffusion peaks. The optimum is close to 3 jumps s -1 (Fig. 10) , and this estimate is largely independent of the magnitude of R and the diffusivity of the prey (e.g. between 2.5 and 3.2 s -1 for D between 10 -4 and 10 -6 cm 2 s -1
). The jump frequency of late stage Acartia tonsa is close to the optimum frequency, suggesting that these nauplii relocate at this frequency to optimize diffusive delivery of prey particles.
CONCLUSION
In ecological considerations, nauplii are often assumed to be a homogenous group; however, here, we show that the different species and also different stages of the same species have characteristic motility behaviors that differ markedly from one another. If to be generalised, naupliar motility can be split into a jump-sink type of behavior (of different frequencies ranging from 1 min -1 to 3 s -1
) and smooth swimming (with or without intermittent periods of sinking). Simple encounter models suggest that the motility of all types of nauplii can account for their encounter with food, but through different mechanisms. Slow, more or less continuously swimming nauplii rely on their low but persistent motility for food encounter when they scavenge through the water. Such behavior is displayed by most late-stage calanoid nauplii, and results in high encounter volumes and allows for some capture inefficiency. For nauplii with a jump-sink behavior, there seem to be 2 extreme foraging strategies: (1) rare jumpers, represented by all cyclopoid and poecilostomatoid nauplii, where jumps presumably mainly help compensate for sinking and encounters with food depend on motility of the prey; and (2) frequent jumpers, such as late Acartia tonsa, where jumps help to avoid local food depletion. Most young calanoid nauplii display jump-sink behavior with intermediate jump frequencies that are substantially lower than the predicted frequency for optimal prey encounter. However, in contrast to cyclopoid and poecilostomatoid nauplii, which feed already at Stage NI (Ferrarri & Ambler 1992) , most calanoids do not commence feeding until NII or NIII (Mauchline 1998) . Hence, this behavior may solely need to be understood in terms of predator avoidance.
The costs of a high jump frequency are 2-fold, viz. a significant metabolic prize (cf. above), and, presumably, an increased susceptibility to predators. In general, motility behavior represents a trade-off between finding food and avoiding being encountered and eaten by a predator. Everything else being equal, high motility implies both high food encounter rates and high risk of encountering a predator. The motility behavior of nauplii -or any other organism -can therefore not be fully understood without taking predator avoidance capabilities into account (Titelman & Kiørboe 2003) . 
